Mariner-like elements (MLEs) are Class-II transposons that are widely present in diverse organisms and encode a D,D34D transposase motif. MLE sequences from two coleopteran species, Bruchus pisorum and B. rufimanus were obtained using the terminal-inverted repeats (TIRs) of mariner elements belonging to the mauritiana subfamily as primer. The characterized elements were between 1073 and 1302 bp in length and are likely to be inactive, based on the presence of multiple stop codons and/or frameshifts. A single consensus of MLE was detected in B. pisorum and was named Bpmar1. This element exhibited several conserved amino acid blocks as well as the specific D,D(34)D signature. As for B. rufimanus, two MLE consensuses, designated Brmar1 and Brmar2, were isolated, both containing deletions overlapping the internal region of the transposase. Structural and phylogenetic analysis of these sequences suggested a relatively recent origin of Bpmar1 versus a more ancient invasion of Brmar1 and Brmar2 in their respective host genomes. Given that MLEs are potential mediators of insect resistance and have been used as vectors to transfer genes into host genomes, the MLEs characterized in this study will have valuable implications for selecting appropriate transposable elements in transgenesis.
INTRODUCTION
Transposable elements (TEs) are mobile genetic elements that have the ability to replicate and spread in host genomes. This fluidity leads to modifications of the gene structure and genome architecture [1] . Transposable elements have been traditionally classified into two classes, namely RNA-mediated (Class-I) and DNA-mediated (Class-II) elements, according to their transposition mode [2] . [3] . Originally isolated from Drosophila mauritiana as an insertion in the white eye gene [4, 5] , MLEs were subsequently identified in a wide range of animal [6] and plant genomes [7] . Currently, MLEs are clustered into five subfamilies: cecropia, elegans/briggsae, irritans, mauritiana and mellifera/capitata based on their phylogenetic relationships [8, 9] . However, Rouault et al. [10] proposed a method based on hierarchical clustering and average linkage to sort 935 MLEs into 15 subfamilies, including the five major subfamilies previously described.
Most MLEs were found to be inactive as a consequence of the presence of stop codons and/or frameshifts within the coding region [11] . Even though some identified MLEs were found to encode fulllength transposases in invertebrate and vertebrate species, only a few showed enzyme activity following genetic analysis for transposition [12] . To date, only three MLEs have been found to be naturally active in some insect species: Mos1 from Drosophila mauritiana [13] ; Famar1, isolated from the European earwig, For-ficula auricularia [14] and Mboumar-9, identified in the ant Messor bouvieri [15] .
MLEs' mobility made them become potential tools for transgenesis and mutagenesis in a wide variety of organisms, including insects [12] . So far, several species have been transformed using the functional Mos1 element, and its ability to introduce genes has been well elucidated in Aedes aegypti [16, 17] . Mathur et al. [18] have successfully transferred antipathogen effector molecules into the salivary glands of Aedes aegypti to block the dengue virus transmission using a Mos1-derived vector.
All of these transformations were based on exogenous transposable elements because the presence of endogenous elements related to those used in transformation vectors raises the problem of the potential cross-mobilization of the elements and the subsequent effects on the stability of the transformed systems [19] .
Bruchus pisorum and B. rufimanus are important coleopteran storage insect pests that cause significant losses in pea and faba bean, respectively [20, 21] . Insecticides have been commonly used to prevent grain losses; however, larval feeding within seeds limits the chemical insecticides' effects. Moreover, this chemical control is not cost-effective and is associated with concerns related to environmental pollution and food safety, which increases the need for alternative control approaches. One of the methods involves the use of TEs to integrate sterility genes in males reared in the laboratory before spreading them into natural populations to reduce their size [19] . Thus, the characterization of TEs in the coleopteran genomes could be used as a valuable biotechnological tool to promote such genetic control methods.
To date, among Coleopteran insects, only marinerlike elements belonging to the irritans subfamily have been described in Agrilus planipennis and more recently, partial MLEs were identified in Coprophanaeus cyanescens, C. ensifer, Diabroctis mimas and Dichotomius schiffleri (Coleoptera: Scarabaeidae) [12, 22] .
Given the importance of Mos1 element as a genetic tool to transfer genes into host genomes, we were interested in investigating the presence of mariner-like elements of the mauritiana subfamily in B. pisorum and B. rufimanus genomes. Results of the study shed light on the genome structure of these pests and provide insight into the potential use of Mos1 element to control them.
MATERIALS AND METHODS

PCR amplification
Genomic DNA was extracted from two individual insects of each Bruchus species using the Doyle & Doyle protocol [23] . To authenticate the studied Bruchus species, we sequenced their DNA barcode region (COI). The COI mitochondrial DNA region was amplified for all samples using the universal primers designed by Folmer et al. [24] , LCO-1490: 5´TTTCTACAAATCATA-AAGATATTGG3´ and HCO-2198 5'TGATTTTTT-GGTCACCCTGAAGTTTA3´, and PCR conditions described by Mezghani et al. [25] . The full-length MLEs specific to the mauritiana subfamily were amplified by the degenerate Mos1 primer 5'TAYCAGGRGTA-CAAGTAKGRAA3' described by Kharrat et al. [26] .
Amplifications were performed in 25µl, using 25 ng of template DNA, 20 pMol of the degenerate primer, 0.2 mM of each dNTP, 1.5-2.5 mM MgCl 2 and 1 unit of Go Taq DNA Polymerase (Promega) in the provided buffer (5X). PCRs were performed using the following program: an initial denaturation at 94°C for 2 min, followed by 35 cycles at94°C for 30 s, 48°C for 30 s and 72°C for 1 min. A final extension step was carried out at 72°C for 10 min. The PCR products were separated on a 1% agarose gel, stained with ethidium bromide and visualized under UV light. PCR products were purified using spin columns (Wizard PCR Preps, Promega) and cloned into a pGEM-T Easy vector (Promega). Plasmids were extracted (Wizard Minipreps, Promega) and sequenced in both directions using the primers T7 and SP6 on an automated sequencer (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems).
Sequence analysis
Mitochondrial COI sequences were submitted to Barcode of Life Data system version 3.0 BOLD to assign species names, then deposited in GenBank under accession numbers: KU982562-KU982565. For mariner-like elements, the homology analysis was performed using BLASTX in the NCBI server (www. ncbi.nlm.gov/cgibin/BLAST). The similarity index among nucleotide sequences was calculated with Bioedit [27] . Nucleotide sequences were translated into their presumed amino acid sequences by ExPASy (http://web.expasy.org/translate/), and HTH motifs within them were identified using the GYM 2.0 program [28] . Sequence alignments were performed using GeneDoc and a phylogenetic tree was constructed using MEGA software version 7.0.14 based on the ML method [29] . Bootstrap values for the branches were obtained with 1000 replications. The identified MLE sequences were deposited in the DNA Data Bank of Japan (DDBJ:http://www.ddbj.nig.ac.jp/) under accession numbers LC144637-LC144648.
RESULTS
Taxonomic identification of Bruchussamples
Each Bruchus sample was clearly identified at the species level aseither B. pisorum or B. rufimanus, using the BOLD identification engine, with a maximum identity of 96-99% based on the COI sequence.
Amplification of full-length MLEs in Bruchuspisorumand B. rufimanus
PCR products between 1000 and 1300 bp were obtained from the two Bruchus species and three clones were sequenced from each individual. MLEs of B. pisorum were named Bpmar1.1-Bpmar1. 6 and those of B. rufimanus were named Brmar1.1-Brmar1.6, following the nomenclature of Robertson and Asplund [30] . All elements had a total length ranging between 1073 and 1302bp.
MLE sequence analysis
To investigate the characteristics of the mariner elements in both Bruchus species, MLE nucleotide sequences obtained from all of the Bruchus clones were aligned and the similarity index was estimated ( Table 1) .
The results showed that MLE sequences obtained from B. pisorum were similar at both the intra-and interindividual levels, with identities higher than 94% (Table 1 ). Due to this high similarity, a single consensus sequence of 1302 bp, named Bpmar1, was constructed. However, MLE sequences generated from B. rufimanus differed according to the individuals from which they were derived, with a similarity index ranging from 66.1% to 99.4% (Table 1) . Two consensus sequences, named Brmar1 and Brmar2 of 1221bp and 1073bp, respectively, were constructed.
Database searches in GenBank using BLASTX revealed that the three consensus sequences best matched the black garden ant Lasius niger mariner element, Lnmar1. Bpmar1 shared 70% amino acid identity with Lnmar1 (KMQ85296.1), while Brmar1 and Brmar2 shared only 40% and 67% identity, respectively.
Alignment of the consensus sequences with the naturally active Mos1 element of Drosophila mauritiana (X78906) are shown in Fig. 1 . The consensus se- 
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A(A/G)(A/G)(T/G), exhibiting two highly conserved positions, 5 and 15, respectively. In comparison with the Mos1 element, those motifs implicated in the protein-ITR interaction were found to be slightly modified in Bpmar1 (three mismatches) but highly conserved in Brmar1 (a unique mismatch) and identical in Brmar2 (no mismatch) (Fig.1) .
Putative MLE transposases deduced from consensus sequences showed that they are nonfunctional because they contain multiple stop codons and frameshifts. The obtained hypothetical transposases were aligned with the Mos1 element to highlight their similarities (Fig. 2) , and a schematic diagram of whole mariner elements was constructed (Fig. 2 A-D) .
In comparison with Mos1 ( Fig. 2A) , the Bpmar1 element showed an insertion of 12bp and therefore, corresponds to a mutated transposase of 346 amino acid residues that exhibit many canonical motifs, several of which are highly conserved, such as the helixturn-helix (HTH) and the WVPHEL. The signature sequence D,D(34)D, typical of MLEs, was also identified in Bpmar1. The first D was included in the motif "TGDE"; the second D in "DDNA, " slightly modified from the canonical "HDNA" motif; and the third D in "HWPDLAPSD," which is modified from the canonical motif YSPDLAPSD (Fig. 2B) .
However, mariner elements of B. rufimanus were found to carry many deletions along their transposases (Supplementary Fig. S1 ). The Brmar1 element displayed a transposase of 317 amino acids with only two conserved aspartic acid residues of the D,D(34)D motif. The first retained D was identified in the IGDE motif, which is altered from the canonical "TGDE, " while the second D was missing due to mutations in the canonical "HDNA" motif. The third D was in the slightly modified YLPDLAPSD motif (Fig. 2C) .
In silico translation of Brmar2 generated a 271 amino acid transposase lacking the HTH and WVPHEL motifs due to an internal deletion spanning these regions. Only two conserved aspartic acid residues of the "D,D(34)D" motif were identified. The first retained D was identified in the TADE motif and the second D in the "DDNA" motif. The third D was missing due a mutation in the YSPDLAPSD motif, which is replaced by YSPDLAPSN (Fig. 2D) .
Phylogenetic analyses
To investigate the phylogenetic relationships among Bruchus MLE consensus sequences and known full-length mariner elements, we used some of the published sequences representative of the five major MLEs subfamilies from GeneBank: mauritiana, cecropia, mellifera, capitata and irritans, as described by Robertson and MacLeod [8] . As expected, the phylogram constructed with the maximum likelihood method based on nucleotide sequences revealed five clades grouping the mariner transposase. The Bruchus MLE sequences were reliably assigned to the mauritiana subfamily with a bootstrap support of 99% (Fig. 3) .
DISCUSSION
The present study is the first report of MLEs belonging to the mauritiana subfamily in monophagous coleopteran grain pests, B. pisorum and B. rufimanus. Using PCR followed by sequencing, we have identified two MLE consensuses, Brmar1 and Brmar2, in the B. rufimanus genome and a single consensus element, Bpmar1, in B. pisorum.
Analysis of these three MLEs revealed, like most other mariner elements, that they are defective copies containing deletions, insertions, multiple stop codons and frameshifts throughout the sequences [11] . This indicates that they have accumulated mutations during the process of vertical transmission [32] .
The Bpmar1 mariner element identified in the B. pisorum genome exhibited low levels of sequence divergence between the clones, suggesting a more recent origin of the corresponding mariner element copies in the B. pisorum genome. In contrast, the Brmar1 and Brmar2 elements showed high nucleotide sequence diversity, suggesting that either they have inhabited the B. rufimanus genome for a long time, or two distinct MLE lineages have invaded the B. rufimanus genome and evolved differently.
Moreover, both mariner elements showed internal deletions in the 5' region that contains the coding region of the MLEs. Such deletions have been observed in several elements belonging to IS630-Tc1-mariner [26, 33, 34] . Hua-Van. et al. [33] suggested that the low polymorphism in the region containing the two functional domains (DDD and NLS) could be due to the existence of selective pressures on these crucial domains, which might be explained by the recent activity of the corresponding elements.
Different mechanisms could generate deletions in MLEs, such as slippage during replication or ectopic recombination [35] . The origin of deletions might also be related to an active regulatory mechanism that is involved in the inactivation of full-length MLE copies [36] or to the transposition mechanisms of Class-II elements. In fact, MLEs transpose by a cut-and-paste model, which requires the repair of the gap left by the excision [37] . When the host DNA repair machinery is not efficient, internal deletions could appear [35] . Indeed, many other Class-II elements have shown internal deletions as a consequence of element transposition, such as the piggyBac-like elements of Aphis gossypii [38] and the P and hobo elements of D. melanogaster [39] . Plasmid-based mobility assays using Mos1 have been carried out in several insects, such as Aedes aegypti, Drosophila melanogaster, Lucilia cuprina and Bactrocera tryoni [40, 41] . Green et al. [42] reported lower frequen- Forficula auricularia) and U40493.1 (Ccmar1: Ceratitis capitata) AY155490.1 (Ammar1: Apis mellifera) from the mellifera subfamily, ZC132.1 (Cemar1: Caenorhabditis elegans), DQ138248.1 (Avmar1: Adineta vaga), Y39A3A.1 (Cemar2: Caenorhabditis elegans) from the elegans subfamily, U11646.1 (Damar14: Drosophila ananassae), U11649.1 (Mpmar1:Mantispa pulchella clone ) and GQ398105.1 (Agmar1: Agrilus planipennis) from the irritans subfamily. Tc1-like element sequences from Drosophila melanogaster (Tc1Dm: S60466) were used as the out-group to root the tree. cy of transposition events in B. tryoni compared to D. melanogaster, which was explained by the presence of endogenous MLE copies in the B. tryoni genome that interfered, even in their defective form, with the activity of the exogenous Mos1 transposase along with the associated regulatory system. Indeed, the presence of endogenously similar MLEs might affect the efficiency of the transgenesis causing instability of the transposasemediated insertions that resulted from cross-mobilization events. Moreover, the authors concluded that both recombination between different MLEs and the potential for cross-mobilization could be influenced by the level of similarity between regions of the encoded transposases and the nucleotide sequence of the elements [42] . In addition, Bigot et al. [9] demonstrated the presence of motifs within the ITRs of MLEs that interact with the transposase. In this study, comparison of Bruchus MLE ITRs with those of Mos1 showed the conservation of these motifs implicated in transposase fixation. Therefore, the presence of these endogenous MLEs similar to Mos1 elements may interfere with the efficiency of the transgenesis vector system.
To summarize, when considering germline transformation vector technology to control the impact of these serious storage insect pests on legume crops, factors regulating or repressing transposable elements within their corresponding host genome need to be investigated. In the present study, we identified mariner elements of the mauritiana subfamily in B. pisorum and B. rufimanus. The presence of these endogenous elements might interfere with the efficiency of the transformation system based on Mos1. Therefore, the discovery of additional transposon-based vectors and engineered elements may advance the conception of highly effective systems to conduct transgenesis within these two storage insect pests.
